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論 文 内 容 要 旨 
Chapter 1 Introduction 
This dissertation presents the systematic investigation on developing physicochemical database of 
aluminum-based Al-Cu-Si-Zn system and its application of predicting shrinkage porosity of Al-Si alloy casings by 
comparing experimental results and numerical simulations. 
In this study, the aluminum-based Al-Cu-Si-Zn system is preferred due to typical alloying elements of 
aluminum-based alloys, in which copper, silicon, and zinc are added to obtain alloys with different properties, and 
therefore a database pertaining to such system would be an exceptional exemplar in terms of plenty of engineering 
applications. 
The primary objective of this study lies in developing a physicochemical database of Al-Cu-Si-Zn system by 
critically assessing a large number of collected experimental data in light of the CALPHAD (CALculation of 
PHAse Diagrams) approach underpinned by thermodynamics. Normally, in a thermodynamic system, several state 
variables such as internal energy, enthalpy, entropy, and heat capacity can be calculated or predicted from 
developed thermodynamic databases. However, general applications of such databases are greatly constrained by 
two limitations. First off, it is unable to calculate certain thermodynamic properties such as molar volume and 
thermal expansion. Secondly, prediction of pressure-dependent physicochemical properties cannot be achieved 
within the frame of conventional database since the pressure effects have scarcely been taken into considerations 
in the conventional databases. Motivated by this, an improved physicochemical database is aimed to be 
developed. 
Two EOSs (equation of state), namely the coefficient of linear thermal expansion (CLE) EOS in combination 
with the modified Grover EOS, as well as the Brosh EOS, or the CALPHAD-compatible EOS, have been applied 
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to assess a large amount of reported experimental results through which thermodynamic parameters are fitted. 
Both EOSs are expressed to formulate the pressure-temperature-volume (P-T-V) relationship. The first EOS treats 
temperature and pressure dependent parameters separately. The CLE EOS is applied to calculate 
temperature-dependent molar volume and thermal expansion at atmospheric pressure, whereas the modified 
Grover EOS, originally derived from the Murnaghan EOS, is adopted to predict physicochemical properties at 
high pressure in terms of pressure fitting parameters. It is important to note that while the CLE EOS is suitable to 
calculate molar volume and thermal expansion at any temperature, predictions of pressure-dependent properties 
by using the modified Grover EOS is only available at a pressure less than 10 GPa. Above this pressure, 
unphysical negative entropy and heat capacity emerge at certain temperatures. The reason pertaining to the 
spurious prediction is attributed to the incompatibility between the SGTE database and the modified Grover EOS 
at high pressures. 
Alternatively, the prediction of negative entropy and heat capacity can be avoided by adopting the Brosh EOS, 
which takes the temperature and pressure effects into consideration at same time. This model first overlooks the 
thermal effect to determine the pressure-dependent cold compression curve, after that, the quasi-harmonic model 
in terms of the Gibbs free energy is implemented to integrate heat capacity to the expected temperature at high 
pressures, which predicts no negative entropy and heat capacity. 
The developed database maintains the same feature as the conventional SGTE database which implements the 
Gibbs free energy to calculate state variables at atmospheric pressure. In addition, it overcomes the two limitations 
that it is capable to calculate temperature-dependent physicochemical properties such as molar volume, thermal 
expansion, and isothermal compressibility at atmospheric pressure as well as molar volume, entropy, heat capacity, 
and phase diagrams at high pressures. Priority is given to pure Al, Cu, Si, and Zn to have their temperature and 
pressure dependent physicochemical parameters established in the database first. The study further sets foot to all 
six binary systems (Al-Cu, Al-Si, Al-Zn, Cu-Si, Cu-Zn, and Si-Zn) to assess the molar volume in certain phase 
regions where experimental results are available as well as to calculate the binary phase diagram of Al-Si and 
Al-Zn at high pressures. Then the developed physicochemical database is proposed for the casting process 
simulation of Al-Si casting alloys to reproduce the entire process numerically and investigate the shrinkage 
defects during this process. 
 
Chapter 2 Assessment of unary systems 
This chapter primarily focuses on the assessment in a sequence of molar volume, isothermal compressibility, 
entropy, heat capacity, and P-T phase diagram of pure Al, Cu, Si, and Zn. Firstly the assessed molar volume of 
solid stable structures (fcc-Al, fcc-Cu, diamond-Si, and hcp-Zn) and liquids were investigated with both 
temperature and pressure dependence by applying the CLE & Grover EOS and the Brosh EOS, respectively, 
through a large amount of reported experimental data. Isothermal compressibility of each element as a function of 
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temperature at atmospheric pressure was introduced next, followed with the entropy and heat capacity at 1 atm 
and 100 GPa (10 GPa for Si due to the reason that there was a confirmed Si to β-Sn phase transformation at 
approximately 12 GPa), respectively. Unphysical predictions of negative entropy and heat capacity at high 
pressures using the Grover EOS was eliminated by applying the Brosh EOS. The reason pertaining to this fact lied 
in the incompatibility between the SGTE database and the EOSs. In addition, the pressure-temperature (P-T) 
phase diagrams were calculated as well as the predicted melting temperature at extreme pressures (100 GPa for Al, 
Cu, and Zn; 10 GPa for Si). Two EOSs (CLE & Grover EOS and Brosh EOS) were applied to perform 
calculations on above properties and comparisons were made. Minor difference of the slope in the P-T phase 
diagram was observed at pressures less than 5 GPa between the calculations by the Grover EOS and the Brosh 
EOS, indicating the Grover EOS was suitable for low pressure calculations. The assessed parameters were derived 
and given at the end of this chapter. 
 
Chapter 3 Assessment of binary systems 
This chapter contains the assessment results of the six binary systems (Al-Cu, Al-Si, Al-Zn, Cu-Si, Cu-Zn, and 
Si-Zn), especially the molar volume in some solid solutions and liquids where experimental data are available. 
Firstly, the molar volume of metastable structures such as hcp-Al, fcc-Si, and fcc-Zn were prioritize determined 
because in certain solid solutions the structure if the element may not in its stable state. One way to determine it 
was to extrapolate from as many solid solutions as possible to the pure element by the CLE EOS at ambient 
pressure. On the other hand, there were measured molar volume data in the case of fcc-Si at extreme pressures (up 
to 245 GPa), which enabled the extrapolation backwards to the ambient pressure by the Brosh EOS. After that, 
differentiated from the unary systems, the solution and sub-solution model comprising the Redlich-Kister 
interaction parameters was applied in binary systems, where excess Gibbs free energy and excess molar volume 
were incorporated in the database, along with the assessed parameters for unary systems. Due to few reported 
experimental data on molar volume of the fcc structure in the Al-Zn system, experiments were conducted to 
measure the coefficient of linear thermal expansion in the fcc phase region through the dilatometer. However, 
because of the high vapor pressure of Zn, the composition may not be exactly as desired, therefore the EDX 
(Energy-Dispersive X-ray spectroscopy) method was applied to analysis samples’ actual chemical compositions. 
Then the measured values were converted to molar volume in order to be assessed. Furthermore, the binary phase 
diagrams of Al-Si system at 2.8 GPa and 5.4 GPa, and Al-Zn system at 2.1 GPa and 5.4 GPa were predicted with 
the literal experimental data. Assessed results of molar volume and binary phase diagrams reached good 
agreement with the collected experimental data. The assessed parameters were given within this chapter. 
 
Chapter 4 Applications of the database 
Applications of the developed physicochemical database are presented in this chapter to predict and simulate 
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the shrinkage porosity behavior during the casting process numerically. Generally, shrinkage porosity is always 
accompanied with other defects during casting solidification process that diminishes the quality of the final 
products. During this process, the uninterrupted liquid metal flow to the regime where solidification takes place. If 
badly fed, shrinkage defect emerges and brings bad effects to reduce the fatigue life and tensile strength of the 
materials. Therefore it is necessary to have a comprehensive understanding of the mechanism of it. The conical 
mold casting experiments on hypoeutectic Al-Si alloys, which is a good way to study the solidification process, 
were conducted to investigate the shrinkage porosity. The melt of Al-3%, -4%, -7%, -9%, -10%, -11%, and -12% 
wt pct Si as well as pure Al were casted in sand-made conical molds and their densities at room temperature were 
also measured for assessment. All castings were then cut into half and polished for better visualization of 
shrinkage behavior. To verify experimental outcomes in a mutual way, numerical simulation was performed in the 
Advanced Solidification Technology for Foundry Aided by Numerical simulation (ADSTEFAN 
TM
) software. A 
large amount of data such as the change of density, latent heat, shrinkage ratio, solidus and liquidus temperature, 
and specific heat during the solidification process, were necessary to be incorporated in this software beforehand 
in order to initialize the simulation. The developed physicochemical database was capable to substitute the 
inaccurate conventional data with precisely improved data in light of the Scheil model since the solidification 
process was non-equilibrium. The locations of the shrinkage porosities were then predicted by the software 
successfully. The simulation results suggest that the critical solid fraction of solidification can remarkably affect 
the shrinkage behavior. In addition, the Niyama criterion was calculated at the final stage of solidification and its 
threshold value was applied as the criterion for judging whether the shrinkage porosity would happen. 
Furthermore, prediction of the shrinkage porosity of the ternary Al-10Si-10Cu alloy was numerically simulated, 
and the result was compared with that of the binary Al-10Si alloy. It was predicted that adding the third alloying 
element would greatly increase the solid fraction at the final stage of solidification, triggering shrinkage porosity.  
 
Chapter 5 Summary 
The conclusions of the present research work is summarized in this chapter. A systematic investigation to the 
Al-Cu-Si-Zn system has been conducted and a physicochemical database developed. This database implements 
the Gibbs free energy to calculate state variables not only at ambient pressure, but also capable of calculating 
temperature dependent physicochemical properties at high pressure. Good agreements are reached between the 
calculations and literal experimental results. The database also leads to the applications for casting process 
simulation by offering improved parameters to another simulation software. Much improvement is amended for 
the solid-liquid two phase region, where parameters are not precisely determined in the conventional database in 
that software. The simulated shrinkage behavior is in good accordance with the observation found in the conical 
casting experiments for hypoeutectic Al-Si alloys. 
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